Interleukin (IL)-1, a pro-inflammatory cytokine, is expressed in the lung following ozone (O 3 ) exposure. IL-1 mediates its effects through the type I IL-1 receptor (IL-1RI), the only signaling receptor for both IL-1α and IL-1β. The purpose of this study was to determine the role of IL-1RI in pulmonary responses to O 3. To that end, wildtype, C57BL/6 (IL-1RI
INTRODUCTION
Exposure to ozone (O 3 ), a principal component of photochemical smog and a powerful oxidant, exacerbates symptoms of respiratory diseases, including asthma and cystic fibrosis (1, 2) . In addition, in both developed and developing countries, elevations in ambient O 3 concentrations are associated with increased mortality (3) (4) (5) . Consequently, it is important to understand the mechanistic basis by which the respiratory system responds to O 3 .
In humans, exposure to O 3 causes substernal irritation, cough, and decrements in pulmonary function (6, 7) . In many species studied, O 3 causes airway hyperresponsiveness (AHR) to non-specific bronchoconstrictors, such as methacholine (MCh) (6, (8) (9) (10) . Inhalation of O 3 also leads to pulmonary injury and inflammation, including epithelial cell sloughing, lung hyperpermeability, and neutrophil emigration into the airspaces (7, 8, (11) (12) (13) (14) (15) (16) (17) (18) (19) . This inflammatory response is characterized by increased pulmonary expression of cytokines, including IL-6, as well as chemokines, including MIP-2, KC, IP-10, MCP-1, and eotaxin. Indeed, in rodents, many of the pulmonary manifestations of O 3 exposure have been attributed to the effects of these cytokines and chemokines. For example, interruption of IL-6, IP-10, KC, and MIP-2 signaling significantly diminishes O 3 -induced neutrophil emigration to the airspaces and/or epithelial cell injury in mice (15, (18) (19) (20) . Genetic deficiency in CXCR2, the receptor for KC and MIP-2, also reduces O 3 -induced increases in respiratory system responsiveness to MCh (19) .
Interleukin-1 (IL-1α and IL-1β) is also increased in lung tissue and alveolar macrophages following O 3 exposure (16, (21) (22) (23) and exogenous administration of IL-1 has been shown to reproduce many of the characteristic responses to O 3 , including AHR, neutrophil emigration into the airspaces, and lung hyperpermeability (24, 25). Moreover, IL-1 has the capacity to induce the expression of many of the cytokines and chemokines (eotaxin, IL-6, IP-10, KC, MCP-1, and MIP-2) that are generated following O 3 exposure in the lung (26-31). Hence, it is possible that induction of IL-1 by O 3 leads to generation of these other cytokines and chemokines and to the ensuing pathology.
IL-1α and IL-1β (IL-1) have two cell surface receptors to which they can bind, the type I and II IL-1 receptor (IL-1RI and IL-1RII). Intracellular signaling cascades resulting in NF-κB activation and gene transcription occur only after IL-1RI activation whereas IL-1 binding to IL-1RII results in no signal generation (32) (33) (34) . The role of IL-1RI in the inflammatory response appears to be dependent upon the specific stimulus used. For example, IL-1RI deficiency alone ameliorates tissue injury and/or inflammation induced during glomerulonephritis, hepatic ischemia and reperfusion, or the administration of turpentine (35) (36) (37) (38) . However, pulmonary inflammation induced by stimuli including Escherichia coli, Streptococcus pneumoniae, and lipopolysaccharide is not diminished by IL-1RI deficiency (39) (40) (41) .
Based on these observations, the purpose of this study was to examine the hypothesis that IL-1RI contributes to O 3 -induced pulmonary pathophysiology and cytokine and chemokine expression following O 3 exposure. Park and colleagues recently reported that exogenous administration of an IL-1 receptor antagonist (IL-1Ra) attenuates O 3 -induced AHR, cytokine/chemokine expression, neutrophil emigration into the airspaces, and epithelial cell sloughing in mice (16 During subacute exposure, the animals had continuous access to food and water. For acute (3 h) O 3 exposure, conscious mice were placed in individual wire mesh cages inside the exposure chamber and exposed to 2 ppm O 3 . The O 3 doses and exposure times were chosen to allow comparison with other studies in mice (16, 17, (44) (45) (46) (47) (48) (49) . Furthermore, the nomenclature used to describe these O 3 exposure regimens, acute and subacute, has been extensively used by others (16, 17, (44) (45) (46) (47) (48) (49) . For room air exposures, the experimental protocol was identical to the corresponding O 3 exposure except that a separate and identical exposure chamber dedicated to room air exposure was used. Exposure chamber conditions and O 3 generation and monitoring were previously described (19) .
Bronchoalveolar Lavage (BAL).
The animals were prepared for BAL as previously described (19) . The lungs were lavaged twice with 1 ml of ice-cold lavage buffer, PBS containing 0.6 mM EDTA. During each lavage, the lavage buffer was instilled and retrieved twice, and both lavagates subsequently pooled and stored on ice. The lavagate was spun, the supernatant collected and stored at -80°C, and the total BALF cells and differentials were determined as previously described (19 exposure and/or their expression has been reported to be regulated by IL-1 (18, (26) (27) (28) (29) (30) (31) .
Consequently, it is plausible that their expression is altered by IL-1RI deficiency following O 3 exposure. Finally, because there were no significant differences in any of the BALF outcome indicators examined in mice exposed to room air for 3 versus 72 h, the data for all air-exposed mice were pooled.
RNA Extraction and Real-Time Reverse-Transcription PCR. For measurement of IL-1β
and IL-1α mRNA expression, RNA was extracted from frozen lung tissue and purified, and reverse transcription (RT) performed as previously described (18, 50, 51) . RT reactions were diluted with 30 µl of water and stored at −80°C. Quantitative real-time RT-PCR was performed using an iCycler ® iQ™ real-time PCR detection system and iQ™ SYBR ® Green supermix in accordance with the manufacturer's instructions (Bio-Rad Laboratories). Primer sets and product sizes for murine IL-1β and β-actin were previously described (18, 50) . Primer sets and the product size for IL-1α were as follows: IL-1α [forward, 5'-CAA ACT GAT GAA GCT CGT CA-3' and reverse, 5'-TCT CCT TGA GCG CTC ACG AA-3' (225 bp)] (52). Generation of positive controls for construction of standard curves was performed as previously described (50) .
For each gene, analyzed, melting curve analysis yielded a single peak consistent with one PCR product. For IL-1β and IL-1α, changes in mRNA expression in response to O 3 exposure were assessed relative to changes in β-actin mRNA transcript copy number. There was no difference in β-actin levels between room air and O 3 exposed mice.
For measurement of IL-6 and ICAM-1 mRNA, total lung RNA was extracted and purified using the RNeasy miniprotocol (Qiagen; Valencia, CA) and RNase-free DNase set (Qiagen). Real-time RT-PCR was performed using the iScript one-step RT-PCR kit for probes (Table 1) . Subacute O 3 exposure had no effect on breathing pattern in mice of either genotype (Table 1) . Breathing frequency was significantly decreased, and EEP was significantly increased in the 3 h period immediately following cessation of exposure to 2 ppm O 3 (Table 1 ), but there was no effect of genotype on either of these outcome indicators.
Thus, it is unlikely that differences in the pattern of breathing account for the genotype-related differences in pulmonary injury and inflammation observed between IL-1RI −/− and IL-1RI +/+ mice.
DISCUSSION
The results of this study indicate that deficiency of IL-1RI, the only signaling receptor for There were also small, but significant, decreases in the levels of BALF sTNFR1 and the number of BALF macrophages in IL-1RI −/− mice exposed to room air. These results suggest that IL-1RI influences either the expression and/or membrane cleavage of sTNFR1 in the lung in addition to the recruitment of macrophages to the airspaces under baseline conditions. However, the factor(s) mediating these effects are not known.
In contrast to subacute O 3 exposure, our data suggest that IL-1RI signaling has a much more limited role in the pulmonary injury and inflammation observed following acute (3 h only be dependent on increased IL-1β expression. Such changes would not be manifest in our study since we observed an increase in only IL-1α, and not IL-1β, expression.
As described above, we observed only a very limited role of IL-1RI in the pulmonary injury and inflammation observed following acute, high dose O 3 exposure (Figures 4 and 5 ).
Previous reports also rule out major contributions from IL-6, TNF-α, and toll-like receptor 4 in acute inflammatory responses to 2 ppm O 3 (14, 17, 18, 47) . Although abrogation of any one of these mediators alone has minimal or no effects on O 3 -induced pulmonary injury and inflammation, it is possible that they may be acting in concert to produce the inflammatory effects of O 3 . Supporting this postulate, whereas interrupting signaling from either IL-1 or TNF-α fails to compromise neutrophil recruitment elicited by Escherichia coli, Streptococcus pneumoniae, and lipopolysaccharide in the lungs, the combined interruption of both IL-1 and TNF-α signaling significantly decreases neutrophil recruitment elicited by any of these three stimuli (39, 62-64).
In conclusion, our data indicate that IL-1RI contributes prominently to the pulmonary 
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